In all evacuation simulation tools, the space through which agents navigate and interact is represented by one the following methods, namely Coarse regions, Fine nodes and Continuous regions. Each of the spatial representation methods has its benefits and limitations. For instance, the Coarse approach allows simulations to be processed very rapidly, but is unable to represent the interactions of the agents from an individual perspective; the Continuous approach provides a detailed representation of agent movement and interaction but suffers from relatively poor computational performance. The Fine nodal approach presents a compromise between the Continuous and Coarse approaches such that it allows agent interaction to be modelled while providing good computational performance. Our approach for representing space in an evacuation simulation tool differs such that it allows evacuation simulations to be run using a combination of Coarse regions, Fine nodes and Continuous regions. This approach, which we call Hybrid Spatial Discretisation (HSD), is implemented within the buildingEXODUS evacuation simulation software. The HSD incorporates the benefits of each of the spatial representation methods whilst providing an optimal environment for representing agent movement and interaction. In this work, we demonstrate the effectiveness of the HSD through its application to a moderately large case comprising of an underground rail tunnel station with a population of 2,000 agents.
Introduction
An important feature in all evacuation simulation tools is the modelling of the space in which the agents navigate and interact with their surroundings as well as with other agents. The two methods typically used for spatial representation are discrete and continuous spaces [1] . The discretised spatial method involves the segmentation of the available space into sub-regions commonly known as nodes, and each node can be connected to its neighbours via arcs or links. This method allows the representation of paths or routes which can be taken by occupants to move from one location to another and can be applied to solve complex geometrical problems. The discrete spatial method can be further divided into two categories namely Coarse region and Fine node. Coarse regions are much bigger in size such that each Coarse region can represent an entire room or segment of the space, whereas in the Fine node method, multiple nodes are used to represent a single room. In the Continuous region method, space is represented as a polygon of any geometrical shape and there are no nodes as such.
Each of the spatial representation approaches has its relative benefits and limitations. In the Coarse region approach, the occupants move from segment to segment such that they cannot be individually located. The Coarse region approach simplifies the building layout and makes it easier to manage large geometries and since the location and interaction of the occupants are not modelled, it can handle large population sizes at relatively low computational cost. In the Continuous region approach, the occupants can be placed anywhere in the geometry and have unique locations. The agent movement towards an exit or any other location of interest such as assembly point requires steering towards to a target, however, with increasing agents and obstacles, the steering process becomes increasingly difficult, especially continuously searching for nearby agents and frequent updates are required. Therefore, simulations run using the Continuous region approaches tend to be computationally expensive and thus not suitable for representing large population sizes in large geometries. In the Fine node approach, each occupant occupies a node and therefore can be uniquely identified. As such, the Fine node approach allows accurate representation of agent movement and behaviours. The Fine model represents the agent locations with less accuracy than the Continuous model. Also, since the Fine model represents people as individuals, it can still handle complex behaviours better than the Coarse model, but not to the same positional accuracy as the Continuous model [2] .
The novelty of the Hybrid Spatial Discretisation (HSD) [3] , presented here, is that it encompasses the benefits of Coarse regions, Continuous regions and Fine nodes within a single integrated software tool. The HSD approach is implemented in the buildingEXODUS software [4] . In this work, the HSD approach is applied to a large underground rail tunnel station with a population of 2,000 agents. The application of the HSD to tunnel evacuation is to show the usefulness and effectiveness of the technique. The HSD approach allows the mixing of spatial representation techniques that are situated on different levels on the scale of granularity. As such, the HSD can generate results on various levels of refinement, as required by the user or depending on the evacuation phenomena that is required to be modelled. For instance, Coarse regions are best for areas of uniform and homogeneous behaviour, Fine nodes for areas which may have more complex behaviour (i. e. junctions, stairs, escalators, queues) and Continuous regions where predictive flows through narrow openings are required or the best qualitative movement is required.
Using the HSD approach, enclosures can be represented using different configurations namely All-Coarse (using only Coarse regions), All-Fine (using only Fine nodes), All-Continuous (using only Continuous regions) and Hybrid (using different combinations of Fine nodes, Coarse regions and Continuous regions). Figure 1 illustrates the representation of multiple compartment geometry with two external exits using different spatial configurations [3] . Representing a multiple compartment geometry using different configurations [3] . (a) All-Continuous -entire geometry represented using continuous space. Also shown here is the Navigational graph, an underlying data structure to facilitate navigation of agents in continuous space [3] (b) All-Fine -entire geometry represented using a network of fine nodes (c) All-Coarse -entire geometry using coarse regions. (d) Hybrid -entire geometry represented using a combination of Coarse regions, Fine nodes and Continuous regions.
Moreover, the work presented here facilitates the application of evacuation modelling by allowing simulations results to be obtained faster than real time rate while providing an integrated environment for representing agent movement and behaviours in constrained environments.
Software architecture for Hybrid Spatial Discretisation
The buildingEXODUS software was selected as a development and deployment platform for the HSD approach. buildingEXODUS is an evacuation simulation tool which utilises Fine nodes for representing physical space within enclosures. The movement and behaviour of the occupants is defined by a series of heuristics or rules which are grouped into 6 interacting sub-core models [5] namely OCCUPANT, MOVEMENT, BEHAVIOUR, TOXICITY, HAZARD and ENCLOSURE, as shown in Figure 2 . The Occupant sub-model describes an individual as a collection of attributes and influences the behaviour of the occupants during the simulation. The Movement sub-model controls the movement of the occupants from their current position to the most favourable neighbouring location until they reach their final location. The Behaviour sub-model determines the response of the occupants based on their personal attributes. The Hazard sub-model controls the atmospheric and physical environment and distributes pre-determined fire hazards such as heat, smoke and toxic products. The Toxicity sub-model determines the effects on individuals exposed to toxic products (distributed by the Hazard sub-model). These effects are passed on to the Behaviour sub-model which influences the movement of the occupants. Additional details on the interacting sub-models can be found in the EXODUS manual [5] . In order to implement the HSD approach, the buildingEXODUS model was updated with a modular architecture to allow new functionalities to be incorporated into the core software. The Coarse region and Continuous region were independently developed as plug-in modules, tested and integrated into the new model, which is identified as the buildingEXODUS-Hybrid or bEX-H [3] . The Coarse region and Continuous region components are described briefly below.
Continuous region component
The Continuous approach for evacuation simulation makes it possible to consider a larger number of agent attributes and consequently, a more diverse range of agent behaviours to be modelled. The Continuous region component in bEX-H is based on a multi-agent system whereby each agent is modelled as an autonomous agent that is able to adapt its behaviour and movement depending on its surroundings [3] . The Continuous region also incorporates a Navigational Graph, comprising of waypoints and arcs, to guide the agents towards their target locations [3] . This graph also facilitates the connectivity of the Continuous regions and the other spatial types namely Fine nodes and Coarse regions, when using the HSD approach.
Coarse region component
When using the Coarse regions, the available physical space can be segmented into partitions whereby each partition can represent a room, corridor or any other section of the geometry. All the different partitions are linked together using arcs. Each Coarse region has a maximum agent capacity while the arcs have a maximum flow capacity (maximum number of agents that can pass through the arc per unit time). The agents within the Coarse regions navigate from one segment to another while the location and agent movement within the segment itself is not represented. The flow rates through the Coarse regions are calculated based on a Flow to Density equations [6] . The Coarse region component also includes different types of coarse segments, each with different speed-flow relationships [7] , in order to represent corridors, stairs, platforms, escalators and other station areas. bEX-H allows the creation of non-convex Coarse regions. Such regions automatically generate an underlying Navigational Graph which provides the necessary information to model the flow of occupants within the Coarse regions [3] . This graph in conjunction with the algorithmic procedures in the Coarse model allows the location of the agents to be tracked when they have to transit to adjacent regions represented by Fine nodes or Continuous regions.
Choice of discretisation strategies for using HSD
In order to use the HSD in an optimal way, it is recommended to choose a suitable discretisation strategy, that is, a strategy for positioning the different spatial types across different sections of the geometry. For instance, the Coarse region approach is most suitable for representing sections of the geometry where agents are expected to show homogeneous behaviours (for instance, behaviour of agents moving in the same direction in a rail tunnel); Fine nodes are appropriate for representing individual agent movement and complex behaviours such as overtaking, queuing and obstacle avoidance (for example, behaviour of agents on a railway platform); Continuous regions are suitable for predicting flow rates across narrow openings and for demonstrating variation of flow rates due to small changes in geometrical dimensions (for instance, for modelling behaviour of agents near internal and external exits). More detailed guidelines and recommendations for the choice of discretisation strategies have been covered in our previous works [2, 8] .
Large tunnel station complex case
This section describes the application of the HSD approach to a large tunnel station complex depicted in Figure  4 . This geometry was chosen to demonstrate the capability of the hybrid approach to handle large complex structures such as tunnel stations. This scenario depicts passengers who have alighted from a train inside a tunnel in the event of an emergency. The passengers then start to evacuate through the tunnel till they reach the platform, following which, they go through the internal exits until they reach the end of the platform. The entire geometry has a total free floor space area of 1,900 m 2 and includes a 700 m long and 2 m wide tunnel connected to a platform. As illustrated in Figure 4 , the segment L represents a corridor of length 10 m and width 4 m and comprises of a centrally placed 2 m wide internal exit on either side of the corridor. The end of the platform is connected to two external exits, each of width 2 m. The rail tunnel station presented is modelled using a combination of all the three spatial representation approaches namely Coarse regions, Fine nodes and Continuous regions. The spatial discretisation strategy for this geometry is chosen such that region in the far field is represented using Coarse regions; pinch points and exit locations are represented using Continuous regions and remainder of the geometry is modelled using Fine nodes. The locations of the various spatial representation types are as shown in Figure 4 . The section A, depicting the tunnel, is modelled using the Coarse region approach.
Continuous regions were used in different segments of the geometry as follows:
-C1: Section connecting the tunnel and the platform, -C2 and C3: Sections surrounding internal exits -C4: Section surrounding the external exit locations.
The remainder of the free space in the geometry was represented using the Fine node approach. The tunnel was represented using a Coarse region as it was better suited to represent the homogeneous behaviours that would emerge due to the uni-directional motion of the agents in the narrow configuration of the tunnel. Also, the tunnel was located far from the platform and exit locations and therefore the Coarse region could be considered as source nodes to usher the agents into the geometry. Region C1 was modelled as Continuous region as it was better suited to represent the spread of the agents as they emerge from the narrow tunnel and enter the wider platform. The spread of agents is implemented using the Agent Avoidance behaviour which enables the agents to maintain a desired interpersonal space from each other. As depicted in Figure 3 , an agent P (moving at a velocity V c ) scans the space ahead using a perception box and detects the location of its neighbour P1. The length of the perception box is proportional to the speed of the agent, which ensures that faster moving agents are more responsive in avoiding their neighbours. Once the neighbours have been identified, each agent modifies its trajectory in order to avoid any potential collisions using the resultant steer vector V r . This behaviour is configured such that neighbouring agents that are further away have lesser influence on the assessing agent. The Agent Avoidance behaviour serves two main purposes; it allows agents to spread out when the space is available and it also allows agents to demonstrate close packing in crowded areas and in constricted regions [8] .
Region C2, being an internal exit, was represented as Continuous region to be able to more closely represent the behaviours of the agents at the entrance of the narrower corridor L. Region C3, also being an internal exit, was represented as Continuous region to better model the agents' behaviours as they leave the narrow corridor and move towards the exit locations. Region C4 was modelled as Continuous region as it was connected to two external exits, and was therefore better suited to represent the agent behaviours as they attempt to exit the geometry.
The percentage occupied by the various spatial types was as follows; 73 % of the area was modelled using the Coarse region approach, 23 % of the area was modelled using the Fine node approach and 4 % using the Continuous region. The geometrical setup for the hybrid configuration in bEX-H is shown in Figure 5 . A building population of 2,000 agents is initially set up distributed in a 250 m long segment of the tunnel as shown in Figure 4 . With this distribution of discretisation regions, the agents will traverse three interface transition regions namely; Coarse → Continuous, Continuous → Fine Node, Fine Node → Continuous. The implementation of the transition regions includes behavioural and movement routines that allow agents to transit from spatial type to another [3] . The population characteristics are as shown in Table 1 . These characteristics have been obtained from sources including [9] and [10] . In this scenario, the response times were assigned to be instantaneous (0 sec) in order to reduce the variation between the different models (Fine and Hybrid). The buildingEXODUS model has been extensively validated with empirical data in numerous studies [11] [12] [13] [14] [15] and was therefore used for the verification of the HSD approach. The Large Tunnel Station Complex case is repeated using only Fine nodes such that ten simulation runs were conducted for each case. Each repeat simulation involved the same agents located in the same starting segment of the tunnel; however, their location within that segment was randomised for each repeat.
Results and discussion
The evacuation time curves for each case are as illustrated in Figure 6 . These curves represent an average for 10 repeat simulations. In this comparison, the same core software and identical set up was used for both cases, however, differences in the overall times (see Table 2 ) do exist. The Hybrid model predicts an evacuation time which is 3.5 % slower than that predicted by the All-Fine model. As seen from Figure 6 , the Hybrid model is predicting faster evacuation times than the All-Fine model up to around 700 sec into the simulation, after which the Hybrid model predicts slower evacuation times. The agents are initially distributed in a segment of the 2 m wide tunnel such that the resultant population density is 4 persons/m 2 . The narrow configuration of the tunnel limits the amount of lateral space available to the agents during their movement and therefore reduces the amount of overtaking that can take place. However, there are some significant differences in the representation of the behaviour and movement of the agents through the tunnel in the Hybrid model (Coarse region section) and the All-Fine model.
In the All-Fine model, during the initial stage of the simulation, the front part of the stream of agents start to move, while the agents at the back remain stationary until there is enough space available for them to move. In this respect, the population density of the front part of the stream of agents is rather sparse. This results in the flow rate at the exit of the tunnel to be low in the beginning of the simulation and the flow rate gradually increases as the density of the people moving towards the exit of the tunnel builds up. However, in the Hybrid model, due to the lack of agent-agent interactions in the Coarse region approach, the flow rate of agents at the exit of the tunnel is high even at the start of the simulation. This explains the faster evacuation times predicted by the Hybrid approach up to 700 sec into the simulation. In the Hybrid model, flow rate at exit of the tunnel is almost constant throughout the simulation and in the Fine node model, the flow rate increases gradually increases to a peak value which exceeds the peak value in the Hybrid case. After about 700 sec into the simulation, the flow rate at the tunnel exit in the Fine node approach starts to exceed the flow rate in the hybrid approach. Moreover, in the Hybrid approach, the Continuous region predict a slower flow rate at the entrance near the external exit location C4 as shown in Table 3 , which is consistent with the Hybrid model predicting slower evacuation times towards the end of the simulation. Also shown in Table 2 are the average run times for the 10 repeat simulations for each case. It can be seen that the Hybrid model is computationally 45.2 % faster than the All-Fine model. Although the Hybrid model includes the computationally least efficient Continuous approach, however, the speed up gained by the considerably larger proportion of the computationally most efficient Coarse region approach (73 %) compensates for the lower efficiency of Continuous approach. Furthermore, the population distribution in the geometry at about 7 min into the simulation is shown in. The agents in the Continuous regions are seen to exhibit Agent Avoidance behaviour which allows agents to dynamically adjust their interpersonal space.
This test case has demonstrated that the HSD approach can be used in an optimal way for performing egress analyses on large complex domains while providing the capability of providing detailed representation of agent behaviours where it is mostly required, for instance, near pinch points, internal and external exits.
Conclusion
In this paper, we have utilised the HSD approach which allows evacuations simulations to be run using a combination of Coarse regions, Fine nodes and Continuous regions. Each of the spatial representation techniques has their strengths and weaknesses. For instance, if moderately large-scale geometry such as the tunnel station was modelled entirely using Continuous regions, the simulations would provide improved qualitative results and demonstrate emergence of agent behaviours but this configuration would be computationally the least efficient amongst all configurations. Using an all-Fine configuration will not capture the evacuation dynamics at the same level of detail as the all-Continuous as the Fine model represents the person to the nearest nodal location. However, the All-Fine model will provide improved computational performance over the all-Continuous. On the other hand, using an all-Coarse configuration will be computationally very fast and suitable for obtaining very fast preliminary results but it will not provide detailed agent to agent and agent to structure interactions.
However, the strategic combination of all these techniques into the Hybrid model makes it possible to encompass the benefits of all the approaches and provide an optimal environment for representing the movement and behaviour of agents. Moreover, such hybrid configuration enables the accuracy advantages of the Continuous approach to be harnessed but without incurring the large computational overheads of the all-Continuous model. We have demonstrated the benefits of the HSD by applying it to moderately large complex structures such as a tunnel station whereby the model is seen to provide a promising speed up of 45.2 % over the all-Fine approach whilst having the capability of providing detailed agent to agent and agent to structure interactions where it is most required, that is, near internal and external exits and also in regions where there are considerable differences in the geometrical dimensions (for instance a narrow tunnel connected to a wider platform) Furthermore, the HSD approach involves the transition of agents across the different spatial types. Since the spatial types are of varying granularities, an interface module was developed to regulate the agent flow in the hybrid configuration. Moreover, a Navigational Graph was implemented in the Continuous region to guide the agents towards their goals whilst optimising their goal searching capability. A similar data structure was implemented for the Coarse region approach to be able to represent non-convex Coarse regions. Also, this data structure keeps track of the individual identities of the agents to allow navigation across transition regions.
